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The ternary antimonides RE4T7Sbg (RE = Gd-Lu; T =Ru, Rh) have been synthesized from the
elements by arc-melting and subsequent annealing in an induction furnace. The samples have been
characterized by powder X-ray diffraction. Four structures were refined on the basis of single-crystal
X-ray diffractometer data: UsRe7Sig type, space group Im3m with a =862.9(2) pm, wR2 = 0.0296,
163 F? values for EryRu;Sbg; a=2864.1(1) pm, wR2=0.1423, 153 F? values for YbsRu;Sbg;
a=_872.012) pm, wR2 =0.0427, 172 F? values for TbyRh7Sbg; and a = 868.0(2) pm, wR2 = 0.0529,
154 F2 values for Ery;Rh7Sbg, with 10 variables per refinement. The structures have T'1 @ Sbg, octahe-
dra and slightly distorted RE @T2¢Sbg cuboctahedra as building units. The distorted cuboctahedra are
condensed via all trapezoidal faces, and this network leaves octahedral voids for the 7'1 atoms. The
ruthenium-based series of compounds was studied by temperature-dependent magnetic susceptibility
measurements. LuyRu;Sbg is Pauli-paramagnetic. The antimonides RE4Ru;Sbg with RE = Dy, Ho,
Er, and Tm show Curie-Weiss paramagnetism. Antiferromagnetic ordering occurs at 10.0(5), 5.1(5)
and 4.0(5) K for Dy4Ru;Sbg, Ho4Ru7Sbg and EryRuySbg, respectively, while Tm4Ru;Sbg remains
paramagnetic. YbyRu7Sbg is an intermediate-valent compound with a reduced magnetic moment of

3.71(1) ug per Yb as compared to 4.54 pg for a free Yb>* ion.
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Introduction

The discovery of superconductivity in potassium-
doped BaFejAs; with a maximum 7¢ of 38K [1, 2]
led to a true renaissance of research in the field of
pnictides with BaAly-related structures [3, 4]. Besides
diverse ternary ordering variants [5], many solid so-
lutions RE{_ RE' . T,X, and RET>_,T',X» (RE =rare
earth element; T = transition metal; X —element of
the 3, 4™ or 5™ main group) have been studied [6,
7]. Especially in the case of cerium compounds the
solid solutions La;_,Ce,7>X, have been investigated
with respect to cerium magnetism. The solid solutions
RET>_.T'.X, allow for a variation of the valence elec-
tron concentration and thus a change in the magnetic
properties.

Many BaAly-related structures show formation of
distinct vacancies RET,> X, or RET,X,_, to release
structural strain. In many cases only the subcell struc-

tures have been reported, and precise reinvestigations
have shown the formation of ordered superstructures,
such as CezPdgSbs = CePd,Sby g6 [8, 9], Dy3Co6Sns
= DyCo;Sn; 66 [10], EupAusSns = EuAuSny s [5],
Yb3Au5,5Ga5.5 = YbAu1_83Ga1_83 [ll], Yb5Cu118ng
EYbCUZ.g()SnlA(,Q [12], or Ceth17Sb14 = CeRh2_13
Sby 75 [13].

Some unique compounds with composition close to
1-2-2 have been reported, however, with distinctly dif-
ferent structures. In CaylrgP; = CalrpPy 75 [14] and
LasRhgP9 = LaRh,P; 55 [15] only parts of the struc-
ture resemble the ThCr,Siy respectively CaBe,Ge,
types (ordered BaAly versions). This is different for the
larger family of UsRe7Sig = URe; 75Si1 590 compounds
which display completely different crystal chemistry.
Instead of the tetrahedral transition metal coordina-
tion in the ThCr,Si» phases one observes octahedral
besides tetrahedral coordination in the U4Re7Sig-type
structure. In the course of our systematic studies of
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structure-property relationships of ternary antimonides
with BaAly-related structures [9, 13, 16, 17] we ob-
tained the series of cubic antimonides RE4Ru7Sbg
(RE=Tb-Lu) and RE4Rh;Sbs (RE = Gd-Lu) with
U4Re7Sig-type structure. The structure and properties
of these phases are reported herein.

Experimental
Synthesis

Starting materials for the syntheses of the RE4Ru;Sbg and
RE4Rh7Sbg samples were sublimed rare earth pieces (Smart
elements or Johnson Matthey), ruthenium and rhodium
powder (Heraeus or Allgemeine Pforzheim), and antimony
lumps (Johnson Matthey), all with stated purities better than
99.9%. Polycrystalline samples are available directly via
arc-melting [18] of the elements (pieces of the rare earth
metal, a cold-pressed pellet of ruthenium (rhodium) and
pieces of the antimony lumps) under an argon atmosphere of
ca. 700 mbar. The argon was purified over titanium sponge
(900 K), silica gel, and molecular sieves. The product but-
tons were remelted three times to ensure homogeneity. The
total weight losses after the melting procedure were always
smaller than 0.5 %. The buttons were subsequently sealed in
evacuated quartz tubes and annealed in a water-cooled sam-
ple chamber of an induction furnace (Hiittinger Elektronik,
Freiburg, type TIG 1.5/300) [19] at ca. 1370 K for one hour.
The resulting RE4Ru7Sbg and RE4Rh7Sbg samples are sil-
very with metallic luster. They are stable in air over months.

EDX data

Semiquantitative EDX analyses of the single crystals
studied on the diffractometer were carried out in variable

Table 1. Lattice parameters (Guinier powder data) of ternary
antimonides with UsRe;Sig-type structure.

Compound a (pm) V (nm3)
Tb4Ru7Sbg 868.1(1) 0.6542
DysRu;Sbg 866.5(1) 0.6506
Ho4Ru7Sbg 864.5(1) 0.6461
ErsRu;Sbg 864.1(1) 0.6452
TmygRu7Sbg 862.1(1) 0.6407
Yb4Ru7Sbg 862.9(2) 0.6425
LugRu7Sbg 860.6(1) 0.6374
Gd4Rh7Sbg 875.7(1) 0.6715
Tb4Rh7Sbg 872.0(2) 0.6631
Dy4Rh7Sbg 870.5(1) 0.6596
Ho4Rh7Sbg 869.2(1) 0.6567
EryRh7Sbg 868.0(2) 0.6540
TmyRh7Sbg 865.4(1) 0.6481
YbsRh7Sbi 865.9(2) 0.6492
YbsRhy Sbg 865.24(2) 0.6478
LusRh7Sbg 863.3(1) 0.6434

4 Data from ref. [22]; b data from ref. [26]

pressure mode with a Zeiss EVO® MAI10 scanning electron
microscope with the rare earth trifluorides, Ru, Rh, and Sb
as standards. The experimentally observed average composi-
tions were close to the ideal ones. No impurity elements were
detected.

X-Ray diffraction

The polycrystalline RE4Ru;7Sbg and RE4Rh7Sbg samples
were characterized by Guinier patterns (imaging plate detec-
tor, Fujifilm BAS-1800) with CuK radiation and ¢-quartz
(a=491.30, c =540.46 pm) as an internal standard. The cu-
bic lattice parameters (Table 1) were refined by a standard
least-squares routine. To ensure correct indexing, we com-
pared the experimental patterns with calculated ones [20].

Empirical formula ErsRu;Sbg YbsRu7Sbg Tb4Rh7Sbg ErsRh7Sbg Table2. Crystal data
Formula weight, g mol~! 2107.03 2130.15 2086.55 2119.91 and  structure refine-
Unit cell dimensions Table 1 Table 1 Table 1 Table 1 ment of TbyRh7Sbg,
Calculated density, gcm™> 10.85 11.01 10.45 10.77 EryRh7Sbg ErgRu;Sbg,
Crystal size, ym? 15 x 20 x 25 20x20x25 20 x30x 30 15 x 20 x 20 and YbsRu;Sbg. Space
Transm. ratio (min / max) 0.193/0492  0.118/0298  0.146 /0373  0.248 / 0.747 group Im3m; Z =2.

Abs. coefficient, mm ™! 45.9 49.1 41.4 46.0

F(000), e 1772 1788 1762 1786

6 range for data coll., deg 3-33 3-35 3-35 3-34

Range in hkl +13, £13, +13  £13,+13, £13  £13,+13, £13  +13, £13, +13

Total no. of reflections 3071 4568 5167 4599

Independent reflections / Riy 153 / 0.1559 163 / 0.1229 172 / 0.0343 154 /0.1727

Reflections with > 25(1) / Rs 105 /0.0555 128 /00321  158/0.0123 136 /0.0494

Data / parameters 153/ 10 163 / 10 172 /10 154 / 10

Goodness-of-fit on F? 0.950 0.909 1.165 1.251

R1/ wR2 for I > 20 (I) 0.0509 / 0.1310  0.0183 /0.0277 0.0198 / 0.0414 0.0275 / 0.0496

R1 / wR2 for all data 0.0731/0.1423  0.0296 / 0.0296 0.0249 / 0.0427 0.0394 / 0.0529

Extinction coefficient 0.00042(17) 0.00042(4) 0.00075(6) 0.00018(8)

Largest diff. peak / hole, e A= 320/ -4.96  2.86/-196  1.78/-169  1.83/—1.95
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Suitable singe crystals were selected from the crushed
Er4Ru7Sb6, Yb4Ru7Sb6, Tb4Rh7Sb6, and Er4Rh7Sb6 sam-
ples, glued to thin quartz fibers using beeswax and studied on
a Buerger camera (using white Mo radiation) to check their
quality. The data sets were measured on a Stoe IPDS-II im-
age plate system (graphite-monochromatized MoKy, radia-
tion; A =71.073 pm) in oscillation mode. Numerical absorp-
tion corrections were applied to the data sets. Details about
the data collections and the crystallographic parameters are
summarized in Table 2.

Structure refinements

The four data sets showed body-centred cubic lattices and
no further systematic extinctions in agreement with our pre-
vious work on YbsRh7Geg [21] and YbsyRh7Sbg [22]. The
atomic parameters of the antimonide were taken as starting
values, and the structures were refined with anisotropic dis-
placement parameters for all atoms using SHELXL-97 (full-
matrix least-squares on F02) [23, 24]. To check for devia-
tions from the ideal compositions, the occupancy parameters
were refined in separate series of least-squares cycles for all
data sets. The sites were fully occupied within two standard
deviations. The final difference Fourier synthesis revealed
no residual peaks. The refined atomic positions, equivalent
isotropic displacement parameters, and interatomic distances
are given in Tables 3 and 4.

Further details of the crystal structure investigation
may be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-
7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http:/
www.fiz-karlsruhe.de/request_for_deposited_data.html) on
quoting the deposition numbers CSD-426404 (EryRu;Sbg),
CSD-426405 (YbsRu7Sbg), CSD-426406 (TbsRh7Sbg), and
CSD-426407 (EryRh7Sbg).

Physical property measurements

Magnetic measurements were performed in the tempera-
ture range of 2.5—-300 K using a Quantum Design Physical-

Table 3. Atomic coordinates and equivalent isotropic dis-
placement parameters (pmz) for ErgsRu7Sbg, YbsRu7Sbg,
TbsRh7Sbg, and EryRh7Sbg . Ueq is defined as one third of
the trace of the orthogonalized Uj; tensor.

Atom Site X y b4 Ueq
Er4Ru7Sb6

Er 8¢ 1/4 1/4 1/4 207(6)
Rul 2a 0 0 0 189(14)
Ru2 12d 1/4 0 1/2 185(7)
Sb 12¢ 0.3131(3) 0 0 184(7)
Yb4Rll7Sb6

Yb 8¢ 1/4 1/4 1/4 77(1)
Rul 2a 0 0 0 56(4)
Ru2 12d 1/4 0 1/2 58(2)
Sb 12e 0.3123(1) 0 0 55(2)
TbsRh7Sbg

Tb 8¢ 1/4 1/4 1/4 88(2)
Rh1 2a 0 0 0 114(4)
Rh2 12d 1/4 0 1/2 83(2)
Sb 12e 0.3169(1) 0 0 76(2)
Er4Rh7Sb6

Er 8¢ 1/4 1/4 1/4 147(2)
Rh1 2a 0 0 0 163(5)
Rh2 12d 1/4 0 1/2 134(3)
Sb 12e 0.3160(1) 0 0 128(2)

Property-Measurement-System with magnetic flux densities
up to 80 kOe (1 kOe =7.96 x 10* Am~!). All measurements
were carried out using the VSM option by packing the sam-
ple in kapton foil and attaching it to a brass sample holder.
Heat capacity measurements were conducted in the temper-
ature range of 2—300 K with samples being affixed to the
pre-calibrated heat capacity puck using Apiezon N grease.

Discussion
Crystal chemistry

The antimonides RE4Ru;Sbg (RE=Tb-Lu) and
RE4Rh7Sbg (RE=Gd-Tm, Lu) are 14 new mem-

ErsRu;Sbg YbsRu;Sbg Tb4RhySbe ErsRh;Sbg Table4. Interatomic dis-
Er 6 Ru2 3055 Yb: 6 Ru2 3051 Tbh: 6 Rh2 3083 Er 6 Rh2 3069 Lances(pm)for EryRu;Sbe,
6 Sb 3103 6 Sb 3098 6 Sb 3138 6 Sb 3122 YbsRusSbs, TbyRhsSbg,
2 Rul 3742 2 Rul 373.6 2 Rhl 3776 2 Rhl 3759 @and EraRh;Sbg calculated
Rul: 6 Sb 2705 Rul: 6 Sb 2695 Rhi: 6 Sb 2763 Rhl: 6 Sb 2743 With the powder lattice
8 Er 3742 8 Yb 3736 8 Tb 3776 8 FEr 3759 Pparameters. Standard devi-
Ru2: 4 Sb 2697 Ru2: 4 Sb 2698 Rh2 4 Sb 2702 Rh2: 4 Sb 2694 Ations are equal or smaller
4 Er 3055 4 Yb 305.1 4 Tb 3083 4 Er 3069 than 0.2pm. All distances
4 Ru2 3055 4 Ru2 305.1 4 Rh2 3083 4 Rh2 3069 Of the first coordination
Sb: 4 Ru2 2697 Sb: 1 Rul 2695 Sb: 4 Rh2 2702 Sb: 4 Rh2 2694 spheresare listed.
1 Rul 2705 4 Ru2 2698 1 Rhl 2763 1 Rhl 2743
4 Er 3103 4 Yb 3098 4 Tb 3138 4 Er 3122
1 Sb 3230 1 Sb 3239 1 Sb 3194 1 Sb 3194
4 Sb 3826 4 sb 3811 4 Sb 3908 4 Sb 3879
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bers with the cubic UsRe;Sig-type structure [25]. The
intermediate-valent ytterbium compound YbsRh;Sbg
has been reported earlier [22, 26]. So far, more than
50 silicides, germanides, and germanide gallides [21,
27-41] with this cubic structure type have been
reported. Especially the uranium-containing phases
were studied in detail with respect to the mag-
netic ground state of uranium, e. g. the 25K anti-
ferromagnet UsTc7Sig [37] or the 6.8 K ferromagnet
UsRu7Geg [32, 36]. Besides the many tetrelides, only
the pnictides MgsRh7Pg, MgsRh7Asq, Mgalr;Asg,
YbsRh7Asg [42], UsRuyAse [43], and YbsRh7Sbg [22,
26] are known. The present series of ternary ruthe-
nium and rhodium antimonides extends the family
of UsRe;Sig-type intermetallics. Similar to the series
of silicides and germanides, also the antimonides are
formed only with the smaller rare earth elements. In
agreement with the lanthanoid contraction, we ob-
served a decrease of the cell volume from the gadoli-
nium to the lutetium compound. Only YbsRu;Sbg and
YbsRh7Sbg show small positive deviations from this
plot as a consequence of their intermediate ytterbium
valence (vide infra).

As an example we discuss the ErsRu;Sbg structure
herein. A view of this structure approximately along

Fig. 1 (color online). The crystal structure of ErqsRu;Sbg. Er-
bium, ruthenium and antimony atoms are drawn as medium
grey, black filled and open circles, respectively. The con-
densation pattern of Rul @Sbg octahedra and Er@Ru2¢Sbg
cuboctahedra is emphasized.

the ¢ axis is given in Fig. 1. The shortest interatomic
distances in the ErsRuySbg structure occur between the
ruthenium and antimony atoms, i. e. 271 pm Rul-Sb
and 270 pm Ru2-Sb, only slightly longer than the sum
of the covalent radii of 265 pm [44]. The Rul atoms
have six antimony neighbors in octahedral coordina-
tion while the Ru2 atoms have only four closer anti-
mony atoms in strongly flattened tetrahedral coordina-
tion. The octahedral building units are similar to those
in the skutterudites SrRusSbiy (262 pm Ru-Sb) and
BaRuySbj; (263 pm Ru-Sb) [45].

Usually, the 4-7-6 structures have been described by
a condensation of the octahedral and flattened tetrahe-
dral units [21, 28]. An alternative, very easy descrip-
tion is possible with Rul @Sbg octahedra and slightly
distorted Er@Ru24Sbg cuboctahedra (Fig. 1) as build-
ing units. The octahedra show a bcc packing, and every
octand of the cubic cell is filled with the cuboctahedra.
The latter are condensed via all six trapezoidal faces.
This substructure automatically leaves the octahedral
antimony voids for the Rul atoms.

The Ru2 atoms show Ru2—Ru?2 distances of 306 pm,
distinctly longer than in hcp ruthenium (6 x 265 and
6 x 271 pm) [46]. These interactions are probably
quite weak.

Magnetic properties

The antimonides RE4Ru7Sbg with RE=Dy-Lu
have been obtained in X-ray-pure form and they were
studied with respect to their magnetic properties. The
rhodium-containing samples showed small amounts of
the binary rare earth antimonides RESb as by-products.
Therefore, no susceptibility studies of these samples
were carried out.

The temperature dependence of the magnetic
susceptibilities (y and x~! data) of Dy4Ru;Sbg,
Ho4Ru;Sbg, and ErsRu;Sbg measured at an applied
field of 10kOe are displayed in Figs. 2a—4a (in-
sets depict measurements of the respective com-
pounds measured in zero-field-cooled/field-cooled
mode (ZFC/FC) with an applied field of 100 Oe). The
Dy and Ho compounds exhibit antiferromagnetic or-
dering at the Néel temperatures of Ty = 10.1(5) and
5.1(5) K, respectively, clearly discernable from their
x data as well as the spin reorientation at very low
temperatures. The antiferromagnetic ordering is also
evident from the specific heat data. In case of the
Er compound only the ZFC/FC measurement pointed
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Fig. 2. (a) Temperature dependence of the magnetic suscep-
tibility (y and xil data) of Dy4Ru7Sbg measured at an
applied field of 10kOe. The low-temperature behavior in
zero-field-cooled/field-cooled mode with an applied field of
100 Oe is depicted in the inset; (b) magnetization isotherms
of DysRu7Sbg at 5, 15, and 50K; (c) temperature depen-
dence of the specific heat of DysRu;Sbg measured in zero
magnetic field.

Fig. 3. (a) Temperature dependence of the magnetic suscep-
tibility (¥ and y~! data) of HosRu;Sbg measured at an
applied field of 10kOe. The low-temperature behavior in
zero-field-cooled/field-cooled mode with an applied field of
100 Oe is depicted in the inset; (b) magnetization isotherms
of Ho4Ru7Sbg at 5, 15, and 50K; (c) temperature depen-
dence of the specific heat of HosRu;Sbg measured in zero
magnetic field.
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Fig.4. (a) Temperature dependence of the magnetic sus-
ceptibility (¥ and xil data) of ErgRu;Sbg measured at an
applied field of 10kOe. The low-temperature behavior in
zero-field-cooled/field-cooled mode with an applied field of
100 Oe is depicted in the inset; (b) magnetization isotherms
of ErqsRu7Sbg at 5, 15, and 50 K; (c) temperature dependence
of the specific heat of ErsRu;Sbg measured in zero magnetic
field.
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Fig.5. (a) Temperature dependence of the magnetic suscep-
tibility (y and y~! data) of TmsRu;Sbg measured at an
applied field of 10 kOe. The magnetization isotherms at 5,
15, and 50K are shown in the inset; (b) temperature de-
pendence of the magnetic susceptibility (¥ and y~! data)
of YbsRu7Sbg measured at an applied field of 10 kOe. The
magnetization isotherms at 5, 15, and 50 K are shown in the
inset; (c) temperature dependence of the magnetic suscepti-
bility (¥ and y~' data) of LusRu;Sbg measured at an ap-
plied field of 10 kOe. The magnetization isotherms at 5, 15,
and 50 K are shown in the inset.
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Table 5. Magnetic properties of ternary antimonides RE4T7Sbg: Uexp, €xperimental magnetic moment; U, effective magnetic
moment; Bp, paramagnetic Curie temperature; [sm, experimental saturation magnetization; gy, calc). calculated saturation

magnetization; Ty, Néel temperature.

Compound Hexp (1B /RE) Hetr (LB /RE) 6p (K) Usm (1B /fu) Hsm(calc) (1B /fu) I (K)
Dy4Ru7Sbg 11.0(1) 10.65 —8.9(5) 25.7(1) 40.0 10.0(5)
Ho4Ru7Sbg 10.7(1) 10.61 —4.2(5) 30.6(1) 40.0 5.1(5)
EryRu;Sbg 9.9(1) 9.58 —6.5(5) 22.7(1) 36.0 4.0(5)
TmyRu7Sbg 8.(1) 7.56 —6.5(5) 16.8(1) 28.0 -

towards antiferromagnetic ordering (inset of Fig. 4a).
We therefore conducted heat capacity measurements
(2-300K) in order to determine the proper ordering
temperature of Ty =4.0(5) K. No magnetic ordering
was evident for the thulium, ytterbium and lutetium
compound.

The inverse susceptibilities of RE4Ru;Sbg
(RE=Dy, Ho, Er, Tm) could be fitted with the
Curie-Weiss law in the temperature ranges 20—-300 K,
yielding the experimental values listed in Table 5.
The magnetic moments are close to the values
of the free RE3* ions. The Weiss constants are
negative. This is indicative of antiferromagnetic
interactions.

Figs. 2b—4b show the magnetization isotherms of
RE4Ru;Sbg (RE =Dy, Ho, Er, Tm) measured at 5, 15
and 50 K. As expected for paramagnetic materials, the
isotherms show close to linear increase in magnetiza-
tion with the applied field at 50 K. The isotherms of
the Dy and Ho compounds at 5 K exhibit s-like cur-
vatures due to spin reorientations at critical fields of
20 and 10 kOe, respectively. The other two compounds
show a tendency of saturation at high fields in the form
of a typical Brillouin function. At 5K and the high-
est obtainable field of 80 kOe the magnetization values
reached between 60 and 76 % of the theoretical values,
a consequence of the polycrystalline character of our
samples.

The inverse susceptibility of YbsRu;Sbg shows
a weak curvature over the whole temperature range,
similar to isotypic YbsRh7Sbg [22]. The data could
be fitted in the temperature range of 30—-300 K with
the modified Curie-Weiss law y = o+ (C/(T — 6p)),
resulting in a magnetic moment e =3.71(1) ug
per Yb atom and a negative Weiss constant of
6p = —11.0(5) K. The experimental magnetic moment
differs significantly from the data of the theoretical
free ion, spin only, value of 4.54 ug per Yb’* and
points toward an intermediate valence state of ytter-
bium. This is also evident from the small magnetiza-
tion value of 5.5(1) ug per formula unit (fu) at 5K
and 80 kOe which is much smaller than the theoreti-
cal value of 16 pp.

LusRu;Sbg shows much smaller susceptibility val-
ues since the Lu*t cation with filled 41 shell is dia-
magnetic. The absolute values at room temperature are
compatible with Pauli paramagnetism. The increase of
the susceptibility towards lower temperatures is due
to minor amounts of paramagnetic impurities. Also
the magnetization values are two orders of magnitude
lower than those of the paramagnetic ones.
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